In practice, geogrid reinforced soil structures are always under the plane strain conditions. In order to investigate the geogrid reinforcement effects under plane strain conditions, experimental and DEM investigations of biaxial compression tests were carried out in this study. In both laboratory tests and DEM investigations, the stress-strain behavior of geogrid reinforced soil specimens was significantly improved compared with the unreinforced soil specimens and the reinforcement effect became more obvious with increasing number of geogrid transverse members. The kinematic behavior of unreinforced and reinforced specimens was visualized in the laboratory tests and DEM simulations with the total and horizontal particle displacement distributions. Similar visualization results lead to improved understanding of geogrid reinforcement mechanisms under plane strain conditions.
INTRODUCTION
As an important geosynthetic material, geogrids have been widely used in various reinforced soil structures, e.g. reinforced embankments and reinforced retaining walls, etc (Han and Thakur, 2015; Yang et al., 2014) . They are playing an increasingly important role in increasing the bearing capacity and the stability of those reinforced soil structures. Geogrid reinforcement mechanisms are performed via the interaction between soil and geogrid. Hence, the geogridsoil interaction is the key issue to investigate the geogrid reinforcement mechanism.
In order to further describe the interaction between soil and geogrid, plenty of laboratory tests and numerical simulations have been carried out. Based on geogrid pullout tests, Palmeira and Milligan (1989) and Moraci and Recalcati (2006) investigated the influences of test boundary conditions, geogrid embedded length and vertical pressure on the pullout test results. Ezzein and Bathurst (2014) quantified the load transfer behavior between soil and geogrid under pullout loads using transparent soil and the Digital Image Correlation (DIC) method. Chen et al. (2014) illustrated the geogrid reinforcement mechanisms under triaxial compression tests. In addition to experimental achievements, numerical simulation results, especially based on the discrete element method (DEM), also provide researchers improved understanding of geogrid-soil interaction, e.g. Konietzky et al. (2004) , Ngo et al. (2014) and Wang et al. (2016) visualized the interaction between soil and geogrid under triaxial compression, direct shear and pullout test conditions. However, in real geogrid reinforced soil structures, e.g., reinforced embankments and reinforced retaining walls, the reinforced soil is generally under the plane strain conditions. Based on laboratory tests and numerical simulations with finite element method (FEM), Peng et al. (2000) investigated the influences of geogrid type and numbers of reinforcement layers on the geogrid reinforcing effects under plane strain conditions. Ruiken et al. (2012) and Jacobs et al. (2013) investigated the influences of numbers of reinforcement layers, geogrid vertical distance, geogrid tensile stiffness and numbers of geogrid longitudinal and transverse members on the strength and deformation behavior of geogrid reinforced sand with large-scale biaxial compression tests. The above investigation results provide more detailed illustration of the geogrid reinforcement effects under plane strain conditions. However, due to the varying elastic-plastic properties of soil and geogrid as well as the high sensitivity of their interaction to many influencing factors, the geogrid reinforcement mechanisms, especially under the plane strain conditions have not been described comprehensively. Therefore, it is still necessary to further investigate the geogrid reinforcement effects. In this paper, large-scale biaxial compression tests have been carried out experimentally and numerically based on gravels and geogrid samples with different numbers of transverse members.
EXPERIMENTAL BACKGROUND
The laboratory tests, with the specimens' dimensions of H/W/D = 800/810/460 (unit: mm), were carried out at RWTH Aachen University, Germany. In this study, dry granular soil with particle sizes from 2 to 8 mm was used ( Fig. 1 ) and the testing density of the soil sample in the biaxial compression tests was 1.60 g/cm 3 . In the laboratory tests, the stressstrain behavior of unreinforced granular soil was investigated under six different confining stress conditions (σ 3 = 2.5-25 kPa). For the reinforced specimens, two types of modified geogrid samples with different numbers of geogrid transverse members (S0 -geogrid without transverse members; S11 -geogrid with 11 transverse members) were used to study the contributions of geogrid transverse members to the compound stress-strain behavior of geogrid reinforced soil. During the compression process, a series of photos were taken through a transparent glass wall in front of the biaxial specimen using a high-resolution digital camera. The kinematic behavior of both unreinforced and reinforced specimens was then determined with the postprocessing of the photos based on the Digital Image Correlation (DIC) method. 
DISCRETE ELEMENT MODELING
In order to gain further detailed insights into the geogrid-soil interaction under biaxial compression loads, discrete element modeling using PFC 2D has been carried out in this study. Laboratory tests showed almost symmetrical results along the central axis. Hence, in order to obtain the DEM simulation results within reasonable computational time, it is possible to simplify the numerical specimens into half of the specimens in the laboratory tests, as shown in Fig. 2 . Since the physical specimens in the laboratory tests were compressed uniformly, there was no relative displacement between the two parts of soil particles along the central axis. Hence, the friction coefficient between clumps and the left wall was set to zero in the discrete element modeling. The height of the numerical specimen was identical to that of the physical specimen (H = 800 mm), while the width of the numerical specimen was half of that of the physical specimen (W = 405 mm). For the numerical reinforced specimens, two layers of geogrids were placed at the positions of 1/4 and 3/4 of the specimen's height, which was identical to that in the physical reinforced specimens. The granular soil was simulated with three-ball clumps using the linear contact stiffness model and the geogrid was simulated with an assembly of bonded particles using the piecewise linear model (Wang et al., 2014a) . In order to balance the computational cost against reasonable simulation results, the sizes of the numerical clumps were increased with an up-scaling factor of two compared to the physical soil sizes, as shown in Fig. 1 . The size of the numerical 2D geogrid was also increased to twice of the real geogrid size so that the ratio of geogrid aperture size to soil particle size in the DEM investigations was identical to that in the laboratory tests. The 2D porosity in the numerical biaxial compression tests was n 2D = 0.16, which was determined iteratively according to the suggestion proposed in Wang et al. (2014b) . The micro input parameters for the gravel and the geogrid were calibrated by the biaxial compression tests of unreinforced soil and the geogrid tensile tests, respectively. Detailed illustrations about the calibration process and results of geogrid tensile tests were described in Wang et al. (2016) .
EXPERIMENTAL AND DEM SIMULATION RESULTS OF UNREINFORCED SPECIMENS
The numerical biaxial compression tests of unreinforced specimens were carried out under six different confining stresses (i.e., from 2.5 kPa to 25 kPa), which was identical to that in the laboratory tests. The micro input parameters of the unreinforced specimens were calibrated until the DEM simulation results showed reasonable agreement with the experimental data. The final micro input parameters of soil particles in the DEM investigations is listed in Table 1 . Fig. 3 compares the DEM simulation results with the corresponding experimental data. It should be noted that the DEM simulation results, both the vertical stressstrain curve and the volumetric strain curve, are presented until the maximum vertical stresses occur. In the post-peak phase, the numerical specimens fail much more rapidly than the physical specimens. With increasing confining stress, the differences of the vertical stress-strain relations between the DEM simulation results and the corresponding experimental data become more pronounced, as shown in Fig. 3a . The reasons for the differences between experimental data and DEM simulation results can be explained by the inherent limitations of 2D modeling as well as different boundary conditions between laboratory tests and DEM simulations. Moreover, the frictional resistance between soil and glass walls in the laboratory tests, which led to a high internal friction angle of the assembly, was difficult to simulate directly in the 2D modeling. The volumetric strain behavior develops with a higher rate in the DEM investigations than that in the laboratory tests. Nevertheless, the development tendency of the volumetric strains in the numerical modeling still showed reasonable agreement with that in the experimental investigations but only at the contraction phase. To sum up, the current DEM models with the corresponding calibrated micro input parameters in this study can represent the general mechanical behavior of the granular soil in the laboratory tests. Therefore, further DEM analyses of the unreinforced specimens and further DEM investigations of geogrid reinforced specimens are carried out based on the current DEM models with the corresponding micro input parameters.
The maximum vertical stresses under different confining stresses in both experimental and DEM investigations are summarized in Fig 4. The DEM simulation results show good agreement with the experimental data at relatively small confining stresses (i.e., from 2.5 kPa to 10 kPa). With increasing confining stress, the differences of maximum vertical stresses between experimental and DEM simulation results increase. The internal friction angle of the numerical material considering all confining stresses is φ BX,DEM = 56.2°, which is approximately 4° smaller than the value obtained from the laboratory tests (φ BX,Lab = 60.6°). The slight difference of internal friction angles might be caused by many influencing factors, such as different soil particle shapes and different boundary conditions between 2D modeling and 3D laboratory tests. Nevertheless, the current numerical assembly can still represent the general mechanical behavior of the granular soil in the laboratory tests. In the DEM investigations, the positions of all soil particles were recorded at every 0.5 mm vertical displacement of each unreinforced specimen. By calculating the position changes of all soil particles at different vertical strains of the specimen, the displacement distributions of soil particles could be obtained. The total and horizontal displacement distributions of soil particles in the DEM investigations are shown in the right part of each figure in Fig. 5 (σ 3 = 2.5 kPa). As a comparison, the total and horizontal displacement distributions of soil particles in the laboratory tests are also presented in Fig. 5 (the left part of each figure). It should be noted that the DEM simulation results were obtained at a vertical strain of ε 1 = 1 % due to the complete failure of the numerical specimen at this compression state. The evaluated deformation behavior of the laboratory tests, however, is not pronounced at ε 1 = 1 % so that the results at compression state of ε 1 = 10 % are presented in the following figure. Therefore, only a qualitative comparison of the particle displacement distributions between the experimental and the DEM investigations is possible in this study.
The total and horizontal particle displacement distributions in the numerical modeling are quite similar to those observed in the experimental studies, i.e., sliding wedges develop from the middle top to the lateral bottoms of the specimen. Such similar kinematic behavior of the unreinforced specimens in both experimental and DEM investigations also demonstrates that the current DEM model is adequate to represent the general mechanical properties of the investigated gravel in this study. 
EXPERIMENTAL AND DEM SIMULATION RESULTS OF REINFORCED SPECIMENS
The friction coefficient of the geogrid particles was set to be f gg = 0.3, identical to the value used in the numerical modeling of geogrid pullout tests Wang et al. (2016) , which were carried out with the same soil and geogrid samples as those used in this study. Other micro input parameters of the 2D geogrid are summarized in Table 2 . The numerical biaxial compression tests of geogrid reinforced specimens were carried out under the confining stress of σ 3 = 2.5 kPa with two types of modified geogrids (S0 and S6). S0 represents geogrids without transverse members and S6 indicates geogrids with six transverse members. Since the width of the numerical specimen was half of that of the physical specimen, the numerical simulation results based on geogrids with six transverse members (S6) were compared with the experimental data based on the geogrids with 11 transverse members (S11). 6 compares the DEM simulation results of both unreinforced and geogrid reinforced specimens with the corresponding experimental data. It should be noted that the DEM simulation results are presented until the maximum vertical stresses occur. The stress-strain behavior of the numerical modeling shows reasonable agreement with that of the laboratory tests at small vertical strains (see Fig. 6a ). Due to the inherent limitations of 2D modeling, the volumetric strain behavior develops with a higher rate in the DEM investigations than that in the laboratory tests (see Fig. 6b ). However, the development tendency of the volumetric strains in the numerical modeling still show reasonable agreement with that in the experimental investigations. Therefore, further analyses of the current DEM simulation results are carried out at small vertical strains only.
Identical to the evaluation process of the numerical unreinforced specimen, the displacement distributions of soil particles in the numerical reinforced specimens (S0 and S6) were also obtained by calculating the position changes of all soil particles at different vertical strains. The total and horizontal displacement distributions of soil particles in the numerical reinforced specimens (S0 and S6) are shown in the right part of each figure in Fig. 7 . For the purpose of qualitative comparison, the total and horizontal displacement distributions of soil particles in the physical reinforced specimens are also presented in Fig 7 (the left part of each figure) . It should be noted that the reported experimental results were evaluated at the vertical strain of ε 1 = 10 %, while the DEM simulation results were obtained at the vertical strain of ε 1 = 1.25 % (S0) and ε 1 = 2.5 % (S6), respectively, due to the complete failure of the numerical specimens at the corresponding compression states. The total and horizontal particle displacement distributions of the numerical reinforced specimens in Fig. 7 show similar kinematic behavior to the experimental observations, i.e., the shear zones do not develop from the middle top to the lateral bottoms of the specimen directly. The particle displacements, especially the horizontal particle displacements, have been greatly restricted by the two layers of geogrid reinforcements. The restriction behavior is more obvious in the specimen reinforced with S6-geogrids than that reinforced with S0-geogrids due to the additional bearing resistance of the geogrid transverse members. 
CONCLUSIONS
This paper focuses on the geogrid reinforcement effects under plane strain conditions with both experimental and numerical approaches. In both laboratory tests and DEM investigations, the stress-strain behavior of geogrid reinforced soil specimens was significantly improved compared with the unreinforced soil specimens and the reinforcement effect became more obvious with increasing number of geogrid transverse members.
In the laboratory tests, based on the Digital Image Correlation (DIC) method, the kinematic behavior of both unreinforced and reinforced specimens was visualized with the total and horizontal particle displacement distributions. In the DEM investigations, similar kinematic behavior of unreinforced and reinforced specimens to the experimental results was obtained. The visualization results in both laboratory tests and DEM investigations demonstrated that the geogrid reinforcements could greatly reduce the lateral displacements of soil particles, which provides researchers improved understanding of geogrid reinforcement mechanisms under plane strain conditions.
